RNA folding in the cell occurs during transcription. Expedient RNA folding must avoid the formation of undesirable structures as the nascent RNA emerges from the RNA polymerase. We show that efficient folding during transcription of three conserved noncoding RNAs from Escherichia coli, RNase P RNA, signal-recognition particle RNA, and tmRNA is facilitated by their cognate polymerase pausing at specific locations. These pause sites are located between the upstream and downstream portions of all of the native long-range helices in these noncoding RNAs. In the paused complexes, the nascent RNAs form labile structures that sequester these upstream portions in a manner to possibly guide folding. Both the pause sites and the secondary structure of the nonnative portions of the paused complexes are phylogenetically conserved among ␥-proteobacteria. We propose that specific pausing-induced structural formation is a general strategy to facilitate the folding of long-range helices. This polymerase-based mechanism may result in portions of noncoding RNA sequences being evolutionarily conserved for efficient folding during transcription.
B
ecause of the degeneracy and stability of base-pairing, RNA has a high propensity to form long-lived undesirable intermediates along their folding pathways (1) (2) (3) . Particularly challenging for RNA folding during transcription is the formation of duplexes composed of two strands located far apart in sequence. In the time before the transcription of the downstream strand, the upstream strand can form stable yet nonnative base pairs with other regions, which could hinder folding. This undesirable possibility can be circumvented by sequestering the upstream strand in specific but labile structures. Such structures can guide the formation of the native long-range helices by avoiding the formation of long-lived unproductive species.
When compared with Mg 2ϩ -induced refolding of full-length RNAs, two obvious properties that influence RNA folding during transcription are the 5Ј to 3Ј polarity of RNA synthesis and the transcriptional speed of the RNA polymerase (4) (5) (6) (7) (8) . In addition, bacterial RNA polymerases pause during transcriptional elongation (9, 10) . The location and/or duration of the pause sites can alter folding (7, 11) . A previous work on the folding during transcription of a circularly permuted version of the Bacillus subtilis RNase P RNA demonstrated that pausing at a specific site alters its folding during transcription by Escherichia coli RNA polymerase (11) . Only the pause at this site was required for the accelerated folding of one of the two domains of P RNA; varying the transcriptional speed had no effect. Pausing at this site altered the nascent RNA so that an undesirable structure involving a region downstream to the pause site was avoided.
Although the above result demonstrated that pausing can influence folding, it did not address the question of biological relevancy, because (i) circularly permuted RNA transcripts are unnatural, having changed the order of nucleotide synthesis; and (ii) the study mismatches the RNA (from B. subtilis) with a noncognate RNA polymerase (from E. coli). In light of the result that E. coli and B. subtilis RNA polymerase have very distinct pausing properties (9) , a coevolutionary relationship between the RNA polymerase and folding during transcription remains unanswered. Transcriptional pausing at a specific location also affects the folding of the FMNresponsive riboswitch by providing FMN with a greater time window to bind the RNA during transcription (7) . This case was different from the circularly permuted P RNA study, in that pausing did not alter the structure of the RNA in the paused complex. Here, decreased transcriptional speed also led to the same result.
This current work addresses two questions by studying the folding of three conserved noncoding RNAs from E. coli during transcription by their cognate E. coli RNA polymerase: (i) For naturally evolved RNAs, how do pause sites affect folding during transcription by their cognate RNA polymerase? (ii) What principle(s) underlies the placement of these pause sites for structured noncoding RNAs? All three RNAs, RNase P RNA,signal-recognition particle (SRP) RNA, and tmRNA, contain numerous long-range helices. We show that pausing after the transcription of the 5Ј strands of all long-range helices allows for the formation of nonnative structures in the paused complexes. These nonnative structures sequester these upstream portions, possibly preventing the formation of stable nonnative structures that would later hinder the correct formation of the native helices. Our results suggest that one mechanism to achieve efficient folding during transcription is for the polymerase to pause after the transcription of the upstream portions of long-range helices, allowing for the formation of an appropriately labile nonnative intermediate.
Results and Discussion
The catalytic RNA component of ribonuclease P (P RNA) is an essential enzyme required for the 5Ј maturation of all tRNAs and several other noncoding RNAs (12, 13) . P RNAs have elaborate tertiary structures required for function (14, 15) . Mg 2ϩ -initiated refolding of B. subtilis and E. coli P RNA involves the rapid formation of unproductive and long-lived kinetic intermediates that result in slow folding (16) (17) (18) . The native structure of E. coli P RNA has six long-range helices, defined here as helices whose 5Ј and 3Ј portions are separated by Ͼ50 residues (up to 300 residues in E. coli P RNA).
To evaluate whether RNA polymerase-induced pausing influences P RNA folding, we investigated the folding of E. coli P RNA during transcription by its cognate E. coli RNA polymerase and a noncognate B. subtilis polymerase (Fig. 1A) . Both polymerases carry out transcription with similar speeds but recognize different pausing signals (9) . The formation of native ribozyme was monitored by the recovery of catalytic activity. Fitting the data in Fig. 1 A with Eqs. 1 and 2 showed that folding of E. coli P RNA during transcription by B. subtilis RNA polymerase had a fast phase with Ϸ25% (0.015 s Ϫ1 , t 1/2 ϳ 0.8 min) and a slow phase with Ϸ75% of the RNA (0.0005 s Ϫ1 , t 1/2 ϳ 23 min). The overall folding profile is only slightly improved when compared with the folding during transcription by T7 polymerase [less pausing, faster speed (19) ] or during Mg 2ϩ -initated refolding [supporting information (SI) Fig. 6 ]. Thus, the 5Ј to 3Ј polarity of RNA during transcription and a variation in transcriptional speed do not significantly alter the folding kinetics of P RNA. Fitting the Fig. 1 A data for transcription by E. coli RNA polymerase showed that the fast minor folding population remained the same, but the folding of the major population was Ϸ6-fold faster (0.003 s Ϫ1 , t 1/2 ϳ 4 min), resulting in significantly more folded molecules at the early time points.
We next investigated whether this fast folding behavior of E. coli P RNA is determined by the pausing properties of its cognate polymerase. A very long-lived pause at nucleotide 119 was observed when transcription was carried out by E. coli RNA polymerase ( Fig.  1B ; see SI Fig. 6B for pause-site mapping). This pause site had been seen (20) and was present under both pausing (low NTP concentration) and folding (high NTP concentration) conditions (SI Fig.  6 ). During transcription by B. subtilis RNA polymerase, the strength and duration of this pause were significantly reduced ( Fig. 1C and  SI Fig. 6 ). After synthesis up to the pause site at 119, Ϸ107 nucleotides have emerged from the polymerase exit channel. Forty of these nucleotides belong to the 5Ј portions of six long-range helices, P1, P2, P4, P5, P6, and P7 (shown in red in Fig. 1 A) . Because the downstream portions of these helices have yet to be transcribed, the strong pause at 119 may be an appropriate location to influence the formation of nonnative interactions involving these residues.
To investigate whether pausing at 119 alters folding behavior, we examined the effect of a pausing-defective E. coli RNA polymerase mutant on folding (21) (␤: P560S, T563I, Fig. 1C Lower Middle) . This mutant polymerase paused at the same site for about half as long as the wild-type polymerase but significantly longer than the B. subtilis RNA polymerase (SI Fig. 6 ). Nevertheless, P RNA folding during transcription by the mutant polymerase was very similar to that observed for the B. subtilis polymerase (Fig. 1C  Upper) .
The effect of the 119 pause site on folding during transcription was further investigated with a mutant P RNA that did not pause at this position ( Fig. 1C Lower Bottom) . The 119 pause site does not resemble either a typical class I or II pause site (10) . However, the native P8 helix (Fig. 1 A) can form outside of the exit channel of the polymerase when pausing occurs at position 119. We hypothesized that the bacterial family to which E. coli belongs (␥-proteobacteria) may share a common P RNA folding behavior including pausing at this position. Indeed, many of the nucleotides preceding the 119 pause site are highly conserved in this family (Fig. 1B Lower) . This conservation includes C119 and its base pairing partner G107. Because C119 is the nucleotide at the pause site, and G107 is in the middle of seven consecutive G residues, we hypothesized that these two residues may be important in pausing at position 119. Therefore, a double-compensating mutant of the E. coli P RNA, C1193G and G1073C, was made that maintained Watson-Crick pairing and the ribozyme's catalytic activity (data not shown) but completely eliminated the 119 pause site (Fig. 1C Lower Bottom) . As anticipated, folding of this G107C/C119G mutant P RNA during transcription by the wild-type E. coli polymerase was essentially identical to the folding of wild-type P RNA during transcription by either the B. subtilis or the mutant E. coli RNA polymerase, which also lack the 119 pause site (Fig. 1C Upper) .
To characterize the nascent RNA structure in the 119-paused P RNA-RNA polymerase complex, structural mapping was performed by using oligonucleotide hybridization/RNase H cleavage (22) , and partial nuclease T1 digestion ( Fig. 2A) . The two native helices P3 and P8 were fully formed, as judged by the absence of nuclease T1 cleavage bands derived from these regions. Strong protection against oligohybridization was observed for the P2 and P4 residues. In contrast, P1, P5, P6, and P7 residues were minimally protected from oligohybridization. However, nuclease T1 primarily cleaved at residue 82 in the P6 region, whereas cleavage at other sites (i.e., residues 74 and 91) were significantly weaker. This result suggests that the 5Ј portions of P1, P5, P6, and P7 are structured in the paused complex. However, the oligonucleotide protection results suggest that these structures involving 5ЈP1/P5/P6/P7 are more labile as compared with the structures involving 5Ј P2/P4.
A nonnative structure can be proposed based on the structural mapping results of the 119 paused complex (Fig. 2B) . The salient feature of this structure is the sequestration of the 5Ј portion of all six long-range helices. The core consists of the P2 and P4 residues forming a helical structure extending from P3. The periphery of this structure consists of portions of P1 and P6 base pairing with each other with some residues in P5 base pairing with P7. The program RNAalifold (23) was used to examine the likelihood of similar nonnative structures being present in bacteria closely related to E. coli (e.g., 39 P RNAs from ␥-proteobacteria with an available 5Ј P1 sequence; SI Fig. 7) . Residues equivalent to 9-19 and 62-73 in E. coli P RNA were given a high probability to base pair with each other, suggesting a conservation of the structural core of this intermediate in the paused complex. The conservation of the peripheral structures is less certain.
To examine the consequences of perturbing this nonnative structure on P RNA folding, residue U6 was mutated to A, G, or C ( Fig. 2 C and D) . U6 was proposed to pair with G83, and hence, U6A and U6G were expected to decrease, whereas U6C was expected to increase the stability of this intermediate structure. Consistent with these expectations, the U6A and U6G mutants exhibited increased accessibility to the P1 oligo-probe with more T1 cleavage at G82 compared with the wild-type P RNA. Conversely, the U6C mutant had slightly less accessibility to the P1 oligo-probe with similar levels of T1 cleavage at G82 (Fig. 2C ). All three U6 mutants folded significantly slower than the wild-type P RNA (Fig.  2D) , even though the mutations did not appreciably alter their catalytic activity (data not shown). This result suggests that the structure (the presence and absence of the U6-G83 base pair) plays a role in facilitating P RNA folding during transcription. However, the structure formation alone may be insufficient. The energetics of the P1-P6 helix also may play a role, because the U6C paused intermediate structure may not be labile enough to allow for efficient folding once the downstream portions are transcribed. We could not readily test this possibility with compensatory mutations for residue G83, because it is located in the P6 pseudoknot crucial for the native structure of RNase P RNA (24, 25) . Mutating G83 requires additional mutations elsewhere to restore the native structure, and folding results from such complex mutants would have been difficult to interpret.
The specific sequestration of the upstream portions of long-range helices may be a common phenomenon, affecting the folding of a number of noncoding RNAs. We analyzed the folding and structural formation during transcription of two other highly structured and conserved RNAs (Figs. 3 and 4) . SRP RNA is essential for the cotranslational insertion of membrane proteins (26, 27) . tmRNA is responsible for rescuing stalled ribosomes derived from truncated mRNAs or at codons for which the corresponding charged tRNAs are in limited supply (28, 29) . Long-range helices are prominent features in the native structures of both RNAs. The 113 residue E. coli SRP RNA contains two long-range helices, whereas the 363 residue E. coli tmRNA contains five long-range helices.
A(t)/S(t)
Transcription of E. coli SRP RNA by E. coli polymerase is characterized by prominent pauses at residues U82 and U84 (Fig.  3A) . These pause sites occur just upstream to the 3Ј portions of its two long-range helices. Both sites can be tentatively assigned as type I hairpin-dependent pause sites (10) . Among ␥ proteobacteria, 72% have the first, whereas 86% have the second 5ЈUG signature sequence at this location (Fig. 3A, graph) .
Because a functional in vitro folding assay for SRP RNA is unavailable, oligo-probes complementary to the regions encompassing the 5Ј and the 3Ј portions of these two long range helices were used to assay folding (Fig. 3B) . Similar assays have been used extensively in folding studies of the group I ribozyme (30) . In wild-type polymerase transcription, the extent of protection increased over time as more SRP RNA molecules presumably folded into their native structures (SI Fig. 8 ). Both pause sites were absent when transcription was performed by using the same mutant E. coli RNA polymerase (␤: P560S, T563I) used in the P RNA folding studies (Fig. 3A Right, top gel) . The relative rate of protection was generally greater when transcription was carried out by the wild type compared with the mutant polymerase (Fig. 3B Top) . The U82 pause was eliminated by mutating A25-U82 to its complementary U25-A82 base pair (31) (Fig. 3A Right, bottom gel) . Once again, the relative rate of protection was greater when the wild-type RNA was transcribed compared with the U82-pausing deficient mutant (Fig.  3B Bottom) . These results suggest that the U82 (and presumably U84) pause site influences the folding pathway of SRP RNA during transcription.
We carried out structural mapping of the U82/U84 paused complexes by oligo-hybridization and nuclease T1 cleavage (Fig.  3C) . Upon transcription up to helix 8, only 31 residues were available to form a nascent structure involving the upstream portions of the long-range helices. In the paused complex, the protection against oligo-hybridization was strong for residues 3-20 and less so for residues 21-30. The major nuclease T1 cleavage product was at residue 10. Weaker T1 cleavage was also observed at residue 22. This result was consistent with a proposed intermediate structure in which a hairpin core formed within the 5Ј portions of both helices, leaving residue 10 particularly exposed (Fig. 3C ). RNAalifold analysis of 43 SRP RNAs from ␥-proteobacteria indicated a conserved structure in the paused complex at the proposed hairpin (SI Fig. 7) . The relative lack of T1 cleavage at residue 27 suggests that residues 20-31 also were involved in the complex, although in a more labile and less phylogenetically conserved manner.
A large number of pause sites were observed when E. coli tmRNA was transcribed by E. coli polymerase, suggesting that transcriptional pausing is important for the proper folding of this molecule as well (Fig. 4A) . A major pause site at U65 was located just downstream of the 5Ј portions of its five long-range helices. Most of the 10 nucleotides immediately preceding this pause site are highly conserved in ␥ proteobacteria (Fig. 4A, graph) , suggesting that the pause site is conserved in this bacterial branch.
As with SRP RNA, oligo-probes against the long-range helices were used to monitor tmRNA folding. In wild-type polymerase transcription, the absolute protection generally increased over time as more tmRNA molecules fold into their presumed native structures (SI Fig. 9 ). The same mutant (␤: P560S, T563I) E. coli polymerase decreased pausing at U65 (Fig. 4A Right, top gel) , but its effect on the pausing of many downstream sites was much stronger. A comparative folding analysis with mutant and wild-type polymerase transcription therefore was unlikely to be informative on the role of U65 pausing on tmRNA folding (data not shown). However, the strength of the U65 pause was reduced when A51-U65 was mutated to U51-A65 (Fig. 4A Right, bottom gel) . During transcription of the U65-pausing deficient mutant tmRNA, patterns of protection against oligohybridization (Fig. 4B) were distinct from those produced during transcription of the wild-type tmRNA. Although the protection levels for the downstream probes were similar, the mutant showed decreased protection for an upstream probe when compared with the wild-type tmRNA.
Structural mapping of the U65 paused complex indicated that the nascent tmRNA intermediate is structured (Fig. 4C) . The nascent RNA was well protected against hybridization by four of the six probes, but, the protection patterns between this nonnative intermediate and the native structure (SI Fig. 9 ) were very different. Noticeably, residues 11-20 were very exposed in the native, but relatively well protected in the nonnative structure. Conversely, residues 1-10 and 21-30 were protected in the native, but quite exposed in the nonnative structure. Nuclease T1 cleavage primarily generated cleavage products around nucleotides 18-21, suggesting that this region is particularly exposed to nuclease digestion. Other less prominent T1 cleavage products are also visible. The relatively strong T1 cleavage observed at G21 suggests that the proposed 5Ј helix is particularly labile in this structure (Fig. 4C) . Alternatively, multiple structures may be present in the paused complex. Phylogenetic analysis of 69 tmRNAs from ␥-proteobacteria indicated that 52 (75%) can have a nonnative structure in this region consistent with our model for the paused complex of E. coli tmRNA (Fig. 4C and SI Fig. 7) . Although the U65 pause site appears to be well conserved among ␥-proteobacteria, the nonnative intermediate is less well conserved, and there appear to be a number of species-specific interactions. For example, in E. coli, the cytosine residues at residues 35-37 could also interact with the guanine residues toward the 5Ј or 3Ј end of the structure. In any case, as with the paused complexes of the other two RNAs, the tmRNA paused complex sequesters the upstream portions of all long-range helices, presumably in a marginally stable structure that permits more expedient folding when the downstream portions are transcribed.
Conclusions
We have shown that a common feature among the folding during transcription of three noncoding RNAs is the formation of defined RNA structures in specifically paused transcription complexes (Fig.  5) . These pauses are located downstream to the 5Ј portions, but upstream to the 3Ј portions of all long-range helices in the native structures of these RNAs. The nascent RNA structures in these paused complexes sequester the upstream portions of the longrange helices in a manner that likely enables more efficient folding when the downstream portions of these helices are transcribed. Indeed, perturbation of these pause sites leads to less efficient folding. Both the pause site and the salient features of the nonnative structure are phylogenetically conserved among ␥-proteobacteria.
We hypothesize that site-specific pausing at strategic locations may be a common strategy that allows for the efficient folding of noncoding RNAs during transcription, especially those containing long-range helices in their native structures. For the purpose of efficient folding, the sequence of noncoding RNAs containing long-range helices likely has coevolved with the pausing properties of their cognate RNA polymerases. Materials and Methods RNA Polymerases. The wild-type E. coli RNA polymerase was purchased from USB (Cleveland, OH). The mutant E. coli RNA polymerase (␤: P560S, T563I) was a generous gift from Robert Landick (University of Wisconsin, Madison, WI) (21) . Polyhistagged B. subtilis RNA polymerase was purified in a slightly modified protocol, as described (32) .
Transcription Reactions. Templates for transcription of all RNAs were generated by PCR by using plasmid DNA as templates and confirmed by sequencing. Multiple-round transcription for folding assays was performed as described (ref . 11 and SI Text 1) .
Single-round transcription for E. coli RNA polymerase for pausing and structural mapping assays was performed under standard conditions with minor modification (ref. 33 
and SI Text 2).
Folding Monitored by Catalytic Activity and Oligohybridization. Catalysis assays for P RNA were performed as described (ref. 11 and SI Text 4) The fraction of the cleavage product vs. time was fit to a single exponential equation to obtain the reaction rate that determined the relative amount of active ribozyme [A(t)].
To account for RNA synthesis, the data before the addition of rifampicin were fit to the biphasic Eq. 1, where k 1 and k 2 are the folding rates, and f is the fraction of the population folding at rate k 1 .
A͑t͒ S͑t͒
The data after the addition of rifampicin were fit to Eq. 2, where f 1 ( f 2 ) is the population folding at the same rate k 1 (k 2 ) as before the addition of rifampicin still remaining to be folded.
The oligohybridization assay to monitor folding of SRP RNA and tmRNA was a modified version of the method developed by Zarrinkar et al. (ref. 22 
and SI Text 3).
Isolation of Polymerase-Paused Complex. Isolation of the paused complexes was performed similarly to single-round transcription with minor modifications. For P RNA, stalled complexes were formed at 25, 25, and 31 M ATP, CTP, and GTP, respectively. With internal 32 P-labeled paused complexes by using ␣-32 P-GTP, the initiating dinucleotide was unlabeled. For 5Ј 32 P-labeled paused complexes, the initiating dinucleotide ApU was labeled with ␥-[ 32 ]ATP. Elongation was resumed upon the addition of UTP to a final concentration of 10 M. Transcription proceeded at 37°C for 45 seconds (when most of the elongation complexes remain stalled at C119). The reaction was then transferred to ice, and the NTPs were removed through MicroSpin G-25 columns (GE Healthcare, Buckinghamshire, U.K.).
The U82/U84 SRP RNA and U65 tmRNA paused complexes were obtained similarly (SI Text 5). (34) . In the alignment, the P RNA intermediates were assumed to contain the fully formed P3 native helix. 39/39 P RNA sequences, 43/43 SRP RNA sequences, and 52/69 tmRNA sequences were used in the alignment. Potentially conserved base pairs were identified via the RNAalifold program (http:// rna.tbi.univie.ac.at/cgi-bin/alifold.cgi) (23) .
Structural

